Effects of nitrogen addition to the sputtering atmosphere on crystal growth of ZnO films have been studied. The AFM characterization shows that the nitrogen suppresses the nucleation in the early stage of the crystal growth leading to a non-continue film structure with sparsely distributed grains. As the deposition time increases, the physical properties of the ZnO films are modified by enhancement of adatoms migration at the growing surface, thus homogenous and dense films with larger grain size are obtained. Utilizing these ZnO films as buffer layers with film thickness greater than 4 nm, the electrical resistivity of ZnO:Al films have been significantly decreased from 7.8×10
Introduction
ZnO-based transparent conducting oxides (TCOs) are of interest due to its low electrical resistivity and the high transparency to visible lights . In addition, low toxicity of ZnO as well as its abundance in nature make ZnO as an economically competitive candidate to replace tin doped indium oxide (ITO). However, there is the major drawback that the electrical conductivity of ZnO films are greatly affected by the film thickness, particularly when the thickness is below 100 nm. 1) Recently, however, our group have reported the successful work in obtaining a low resistive ZnO:Al (AZO) films being independent of its thickness by utilizing a buffer layer fabricated via nitrogen mediated crystallization (NMC).
2) NMC is a method where nitrogen is used to suppress the nucleation of the adatoms on the growing surface. By inserting a thin ZnO buffer layer fabricated by NMC (NMC-ZnO), the figure of merit d* indicating the interface quality of the buffered samples was found to be 7 nm which is lower than that of 23 nm for unbuffered samples associated with a good interface. 3) In this report, we aim to understand the mechanism of early stage crystal growth of NMC-ZnO by studying the evolution of film morphology observed with atomic force microscopy (AFM).
Experimental Methods
NMC-ZnO buffer layers were deposited onto cleaned quartz glass substrates by RF magnetron sputtering at the supplied RF power of 100W. The target-substrate distance was 100 mm. The substrate temperature was 350°C. ZnO pellets (2 inch in diameter) were used as sputter targets. The mixing of N 2 and Ar gas at flow rate ratio of 5/19.5 sccm was used as the sputter gas. The deposition time was 0-32 sec. During the deposition, the working pressure was kept constant at 0.45 Pa. For comparison, ZnO buffer layers were also made without N 2 .
The deposition of AZO was done by RF magnetron sputtering. The used targets were ZnO:Al 2 O 3 (2wt.%) with 2 inches in diameter. Only Ar gas was used as the sputtering gas. The target-substrate distance and substrate temperature were 75 mm and 200°C, respectively. During the deposition, the working pressure was kept constant at 0.34 Pa. The thickness of the film was 100 nm.
The surface morphology of the films was characterized using atomic force microscopy (AFM). Crystallinity of the film was investigated using X-ray diffraction (XRD; Bruker D8 Discover) analysis with Cu Kα radiation (λ= 0.154). Grain size distribution analysis was carried out using an AFM image processing software, ImageJ.
4) The electrical resistivity was examined using four point probe measurement at room temperature. Figure 1 shows the AFM images of NMC-ZnO buffer layers with various deposition time. The surface morphology of the NMC-ZnO buffer layers changes with deposition time. At the early stage of the crystal growth, the AFM images show the modification from a blank smooth surface morphology ( Fig. 1(a) ) to a surface with sparse distributed grains at deposition time of 8 sec ( Fig. 1(b) ) where a film is not formed. The root mean square (RMS) roughness of the film at 8 sec is 0.33 nm. On the other hand, a continuous film has been obtained in the case of ZnO film deposited without N 2 for 7 sec. The RMS
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015064-2 JPS Conf. Proc. , 015064 (2014) roughness of the film, however, is rather high of 1.11 nm. This is attributed to the nitrogen atoms adsorbed on the surface that suppress the nucleation at the early stage of the crystal growth. As the deposition time of NMC-ZnO buffer layer is increased to 32 sec, a continuous film with dense and homogenous surface is formed. The RMS roughness of the film is 0.78 nm, which is slightly higher than 0.33 nm for the film with deposition time of 8 sec, indicating that the grains grow not only in the vertical direction but also in the lateral direction. The lateral growth of the NMC-ZnO buffer layers was also indicated by ImageJ analysis in which the avarage grain size of the NMC-ZnO buffer layer deposited for 32 sec was found to be 16.15 nm, being remarkably larger than 10.59 nm for NMC-ZnON film deposited for 16 sec and even larger than 12.36 nm for ZnO film deposited for 32 sec. This is clear evidence that the migration of adatoms is enhanced by N 2 introduction into the deposition atmosphere.
The quantitative evaluation of the surface migration has been performed by analysis of height-height correlation function (HHCF) that derives lateral correlation length ξ. 5) Here, ξ provides a measure of surface diffusion length indicating the distance along the edge beyond which any two linewidth measurements can be considered independent.
HHCF is defined by H(r)=<[Z(r)-Z(0)]
2 >; where Z(r) and Z(0) are the height at any point r and at position r=0, respectively. From the analysis, the ξ of the glass substrate was found to be 0.50 μm. As NMC ZnO grows on the substrate, the ξ decreases to 0.26 μm and 0.16 μm where the deposition times are 8 sec and 16 sec, respectively. The decrease in ξ is inferred to be affected by the presence of sparsely distributed nuclei on the substrate. Further increase in the deposition time to 32 sec, the ξ increases to 0.26 μm which is higher than 0.19 μm for ZnO film deposited without N 2 at the same deposition time. We conclude that the increase in the deposition time provide a good continuous film thus leading to a higher adatoms migration. In comparison to ZnO buffer layers, we also conclude that the nitrogen effectively suppresses the nucleation in the NMC-ZnO buffer layers enhancing the adatoms migration associated with a higher ξ value. The XRD spectra of AZO films on various buffer layers are shown in Fig. 2(a) . (002) diffraction angle of AZO film on NMC-ZnO buffer layer is in well agreement with the diffraction peak of (002) ZnO bulk crystal at 34.4°. While, for AZO films deposited on the glass substrate and ZnO buffer layer, the position of (002) diffraction peaks are shifted toward lower angle, indicating the expansion of lattice parameter due to the strain induced by thermal expansion coefficient mismatch between the film and the substrate and/or crystal defects such as lattice vacancies and atoms in interstitial positions. Moreover, the peak intensity of the AZO film deposited on NMC-ZnO buffer layer is higher than that of AZO films on the glass and ZnO buffer layer, indicating that NMC-ZnO buffer layers provide higher degree of crystallinity of AZO films. The full width at half maximum (FWHM) for AZO films on the glass (t=0 sec) is 0.35°. The FWHM values have the tendency to decrease as the deposition time of both ZnO and NMC-ZnO buffer layers increases. However, from Fig. 2(b) , it can be seen that the FWHM values of the AZO films on NMC-ZnO buffer layers are smaller than that of AZO films on ZnO buffer layers, being associated with the larger grain size of the AZO films on NMC-ZnO buffer layers. This can be interpreted as a result of smooth surface as well as the larger grain size of NMC-ZnO buffer layers. By using NMC-ZnO buffer layers with film deposited at t=32 sec, the lowest electrical resistivity (6.7×10 -4 Ω·cm) of AZO film has been obtained, which is significantly smaller than 3.4×10 -3 Ω·cm and 1.4×10 -3 Ω·cm for the AZO films on the glass and on ZnO buffer layer with deposition time of 32 sec, respectively.
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Conclusion
Effects of nitrogen addition to the sputtering atmosphere on crystal growth of ZnO films have been studied. The AFM characterization clarified that the nitrogen suppresses the nucleation at the early stage of the crystal growth, leading to non-continue film structure with sparsely distributed grains. As the deposition time increases, the surface morphology of NMC-ZnO films is modified by enhancement of adatom migration at the growing surface, whereby the homogenous and dense films with larger grain size has been obtained. Utilizing the NMC-ZnO films with film thickness greater than 4 nm as buffer layers, the crystallinity of AZO films has been significantly improved, providing AZO films with the low electrical resistivity of 6.7×10 -4 Ω·cm.
